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Abstrat
We disuss seletron pair prodution in e−e− sattering. These proesses an
only our via t-hannel neutralino exhange, provided that the neutralinos are
Majorana fermions. We onentrate on the proesses e−e− → e˜Le˜L, e˜Re˜R →
e−χ˜01e
−χ˜02 → e−χ˜01e−χ˜01ff¯ , in whih a omplete determination of the nal state
momenta is possible without using the seletron masses as input. The exper-
imental reonstrution of the seletron masses in this deay hannel provides
lear evidene of the Majorana harater of the neutralinos, whih is onrmed
by the analysis of the eletron energy spetrum.
1 Introdution
Supersymmetry (SUSY) is one of the most interesting and natural extensions of the
standard model of fundamental interations (SM). In addition to providing a solution
to many of the SM problems, supersymmetri theories allow a natural onnetion to
high energy sales, and thus to more fundamental theories of partile physis [1,2,3℄. If
SUSY is present at the weak sale, it is expeted that it will be disovered at LHC [4℄,
or even at the seond run of Tevatron [5℄. After the new partiles have been deteted,
it must be veried that they are indeed the superpartners of the SM elds. It will be
ruial to measure their quantum numbers and, for the ase of neutral gauginos, on-
rm that they are Majorana fermions. Moreover, masses, mixings, ouplings and CP
violating phases must be measured in a model-independent way, so that the Lagrangian
parameters an be determined and the SUSY relations for the ouplings veried. These
1
tasks are not easy to aomplish, beause in general it will be diult to separate the
dierent setors, and many proesses giving the same experimental signatures will be
simultaneously present. In order to disentangle the dierent proesses and obtain pre-
ise measurements, a high energy e+e− ollider like TESLA is essential to omplement
the LHC apabilities [6℄. In fat, the TESLA design oers many advantages for SUSY
studies, with the possibility of beam polarisation and the option of e−e−, eγ and γγ
sattering.
Here we fous on the determination of the Majorana nature of the neutralinos at
TESLA. In previous works [7,8,9℄, it has been pointed out that the neutralino harater
an be tested in the proesses e+e− → χ˜01χ˜0i → χ˜01χ˜01 l+l−, with i = 2, 3, 4 and l =
e, µ. These proesses give an experimental signature of two leptons of opposite harge
plus missing energy and momentum
1
, and the energy distributions of the nal state
harged leptons are sensitive to the Dira or Majorana nature of the deaying neutralino
χ˜0i . Here we follow a dierent approah, studying seletron pair prodution in e
−e−
ollisions [10, 11℄. In ontrast with e+e− sattering, the proesses e−e− → e˜ e˜ (with
e˜ = e˜L, e˜R) are only mediated by diagrams with t-hannel neutralino exhange. The
Majorana nature of the neutralinos is essential for the nonvanishing of the transition
amplitudes, as an be learly seen in Fig. 1. We note that in some SUSY models it
is possible that one or more pairs of Majorana neutralinos ombine to form Dira (or
pseudo-Dira) fermions [12℄. This happens when there are two Majorana neutralinos
with the same mass (or approximately the same mass, for the pseudo-Dira ase)
and opposite CP parities. In this situation, the ontributions of these two Majorana
neutralinos to seletron pair prodution are (almost) equal in modulus with opposite
signs, and anel (or nearly anel) in the amplitude.
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Figure 1: Feynman diagrams mediating the proesses e−e− → e˜ e˜.
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We assume that the rst neutralino χ˜01 is the lightest supersymmetri partile (LSP), whih is
stable if R parity is onserved. Sine the χ˜0
1
is neutral, olourless, and weakly interating, it esapes
detetion, produing a signature of missing energy and momentum.
2
The dominant deay mode of the seletrons is e˜ → e−χ˜01, leading to a nal state
with two eletrons plus missing energy and momentum. The observation of this signal
at sizeable rates is a lear indiation of seletron pair prodution, although in priniple
it ould also originate from other new physis proesses. In this deay hannel, the
masses of the seletrons annot be diretly reonstruted, due to the presene of two
unobservable neutralinos in the nal state. However, the seletron masses an be
preisely determined, for instane with a measurement of the total ross setion at
energies near threshold [10, 11℄. In the ontinuum, the study of the eletron energy
spetrum shows that the produed partiles are salars, and the seletron masses an
be extrated from the end points of this distribution [13℄. Furthermore, it is possible to
onstrut the minimum kinematially allowed seletron mass [14℄, whose distribution
peaks at the atual seletron masses and hene yields another measurement of these
quantities. The oinidene of all these measurements provides evidene for seletron
pair prodution, and disfavours the interpretation of the e−e− signal as originated by
other new physis proess.
With the same purpose, in this paper we onsider a dierent deay hannel whih
oers the advantage that the 4-momenta of all nal state partiles an be determined,
and thus the seletron masses an be diretly reonstruted event by event. This
an be ahieved restriting ourselves to e˜Le˜L and e˜Re˜R prodution, and seleting the
hannel where one of the seletrons deays to e−χ˜01 and the other seletron deays via
e˜ → e−χ˜02 → e−χ˜01ff¯ , with ff¯ a µ−µ+ or qq¯ pair. Although the latter is a relatively
rare deay mode, if the seletrons are light enough to be produed at TESLA, the high
luminosity available will allow us to obtain an observable signal in most ases. Using
this hannel alone, the diret reonstrution of the masses and the analysis of the two
eletron energy spetra (one resulting from e˜ → e−χ˜01 and the other from e˜ → e−χ˜02)
provides lear evidene for seletron pair prodution. Sine the reonstrution method
introdued here allows the determination of the momenta of all nal state partiles, it
an also be used for further studies of the angular distributions in the prodution and
deay of the seletrons. In partiular, it provides an independent diret veriation
that the seletrons are salar partiles. This analysis will be presented elsewhere [15℄.
This paper is organised as follows: In Setion 2 we disuss the prodution and
subsequent deay of seletron pairs in e−e− ollisions, and how these proesses are gen-
erated. In Setion 3 we briey desribe the model, outlining some important features,
and we selet two illustrative senarios for µ+µ− and qq¯ nal states. In Setion 4 we
desribe how the reonstrution of the seletron masses is ahieved and we present our
3
results. Setion 5 is devoted to our onlusions. In Appendix A we ollet the mass
matries and Lagrangian terms whih are relevant for our work. The benets of beam
polarisation for these proesses are displayed in Appendix B.
2 Prodution and deay of seletron pairs in e−e−
sattering
The reonstrution of the seletron masses is only possible for the prodution of two
idential seletrons, e−e− → e˜Le˜L, e˜Re˜R (this will be justied in the detailed disussion
of Setion 4). For these proesses we hoose the deay hannels with one seletron
deaying via e˜ → e−χ˜01 and the other e˜ → e−χ˜02 → e−χ˜01ff¯ . In addition, we onsider
mixed seletron prodution e−e− → e˜Re˜L, with e˜R → e−χ˜01, e˜L → e−χ˜02 → e−χ˜01ff¯ ,
sine this is the main bakground to the two proesses of interest
2
. Eah of the proesses
e−e− → e˜Le˜L → e−χ˜01e−χ˜02 → e−χ˜01e−χ˜01ff¯
e−e− → e˜Re˜R → e−χ˜01e−χ˜02 → e−χ˜01e−χ˜01ff¯
e−e− → e˜Re˜L → e−χ˜01e−χ˜02 → e−χ˜01e−χ˜01ff¯ (1)
is mediated by 56 Feynman diagrams, depited in Figs. 2 and 3. Although for larity
the diagrams for the deay of χ˜02 are shown separately, in our omputations all the
diagrams are summed oherently. We only onsider nal states with ff¯ = µ+µ−, qq¯,
and in the ase of qq¯ we sum uu¯, dd¯, ss¯, cc¯ and bb¯ prodution, without avour tagging.
Conerning the remaining hannels, in χ˜02 → χ˜01e+e− the multipliity of eletrons in
the nal state makes it diult to identify the eletron resulting from the deay of the
χ˜02. In χ˜
0
2 → χ˜01νν¯ the presene of four undeteted partiles in the nal state yields
too many unmeasured momenta to allow their kinematial determination. The same
happens in χ˜02 → χ˜01τ+τ−, beause eah of the τ leptons deays produing one or two
neutrinos that esape detetion.
Compared with e˜Re˜L prodution, the other SUSY and SM bakgrounds are less
important. For instane, the proess e−e− → e˜Re˜Rff¯ , with both seletrons deaying
to e−χ˜01, has a smaller ross setion, sine it has the same number of verties as e˜Re˜L
(both amplitudes are proportional to g6) and does not have the enhanement of the
χ˜02 near its mass shell. The main SM bakground is e
−e− → e−e−νν¯ff¯ , inluding
2
In the same proess e−e− → e˜Re˜L, the hannel e˜L → e−χ˜01, e˜R → e−χ˜02 → e−χ˜01ff¯ has a muh
smaller ross setion beause of the smaller branhing frations (see Setion 3).
4
ee
~e
~e
~
0
i
~
0
1
e
e
~
0
2
~
0
1
f
f
e
e
~e
~e
~
0
i
~
0
1
e
e
~
0
2
~
0
1
f
f
Figure 2: Feynman diagrams for the proesses in Eqs. (1). The 4 neutralinos are ex-
hanged in the t hannel, and the shaded irles stand for the 7 sub-diagrams mediating
the deay of χ˜02, separately shown in Fig. 3.
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Figure 3: Feynman diagrams for the deay of χ˜02, mediated by Z bosons (a), neutral
Higgs bosons (b), and left-and right-handed salar fermions ( and d).
resonant e−e− → W−e−νff¯ and e−e− → e−e−Zff¯ prodution. This proess has a
small ross setion and is separable from the e˜Le˜L, e˜Re˜R signals, whih have larger
values for the missing energy and momentum. One might also onsider the proess
e−e− → W−W−ff¯ mediated by heavy Majorana neutrinos. The ross setion for the
latter is very onstrained by present limits on neutrinoless double beta deay [16℄, and
this proess ould also be separated from seletron pair prodution, using the missing
energy and momentum.
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We alulate the full matrix elements for the resonant proesses in Eqs. (1) with
HELAS [17℄, using the Feynman rules for Majorana fermions given in Ref. [18℄. The
inlusion of next-to-leading order orretions is not neessary in this work, sine it
only inreases slightly the ross setions [19℄. We assume a entre of mass (CM) energy
ECM = 2E = 500 GeV for the e
−e− ollisions, and an integrated luminosity of 100 fb−1.
In order to take into aount the eet of initial state radiation (ISR) on the eetive
beam energies, we onvolute the dierential ross setion evaluated for frations x1, x2
of the beam energies with struture funtions DISR(x1) and DISR(x2), namely
dσ =
∫ 1
0
dσ(x1E, x2E)DISR(x1)DISR(x2)dx1dx2 . (2)
The expliit expression for DISR used is [20℄
DISR(x) =
η
2
(1− x) η2−1 e
η
2 (
3
4
−γ)
Γ
(
1 + η
2
)
×
[
1
2
(1 + x2)− η
8
(
1
2
(1 + 3x2) log x− (1− x)2
)]
, (3)
where
η(s) = −6 log
[
1− α0
3π
log
s
m2e
]
, (4)
γ is the Euler onstant, α0 = 1/137 the ne struture onstant, s = E
2
CM and me the
eletron mass. The eet of beamstrahlung is taken into aount in a similar way using
the struture funtion [21℄
DBS(x) = e
−N
[
δ(x− 1) + e
−κ(1−x)/x
x(1− x) h(y)
]
, (5)
where [22℄
h(y) =
∞∑
n=1
yn
n! Γ(n/3)
, (6)
with y = N [κ (1− x)/x]1/3. For large y, h(y) has the asymptoti expansion
h(y) =
(
3z
8π
) 1
2
e4z
[
1− 35
288 z
− 1295
16588 z2
+ · · ·
]
, (7)
with z = (y/3)3/4. We take N = 0.555, κ = 0.0693 [21℄ for our evaluations.
In order to simulate the alorimeter and traking resolution, we perform a Gaussian
smearing of the energies of eletrons (e), jets (j) and muons (µ) using the speiations
in the TESLA Tehnial Design Report [23℄
∆Ee
Ee
=
10%√
Ee
⊕ 1% , ∆E
j
Ej
=
50%√
Ej
⊕ 4% , ∆E
µ
Eµ
= 0.02%Eµ , (8)
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where the energies are in GeV and the two terms are added in quadrature. We apply
detetor uts on transverse momenta, pT ≥ 10 GeV, and pseudorapidities |η| ≤ 2.5,
the latter orresponding to polar angles 10◦ ≤ θ ≤ 170◦. We also rejet events in whih
the leptons and/or jets are not isolated, requiring that the distanes in (η, θ) spae
∆R =
√
∆η2 +∆θ2 satisfy ∆R ≥ 0.4. We do not require spei trigger onditions,
and we assume that the presene of harged leptons with high transverse momentum
will sue. Finally, for the Monte Carlo integration in 8-body phase spae we use
RAMBO [24℄.
3 Overview of the model and seletion of senarios
The aim of the present work is to demostrate that the seletron masses an be su-
essfully reonstruted with the method here proposed. It is nevertheless important to
show that this an be done in realisti senarios. In this setion, we outline the main
features of the model, and investigate the behaviour of the seletron prodution ross
setions and deay rates as a funtion of the free parameters of the model.
In our analysis we onsider the minimal supersymmetri standard model (MSSM),
where a minimal number of elds is introdued and R-parity is onserved. For sim-
pliity, we assume an underlying minimal supergravity (mSUGRA) [25℄ framework. At
the grand uniation sale, MGUT ≃ 2 × 1016 GeV, relations of universality among
the several soft breaking terms allow the model to be desribed by ve independent
parameters: the ommon soft salar mass (m0), the unied gaugino mass (m1/2), the
universal trilinear oupling (A0), the ratio of the two neutral Higgs vauum expetation
values (tanβ = v2/v1) and the sign of the bilinear Higgs term, sign(µ). In our work
we do not address supersymmetri CP violation, thus we assume that m1/2 and A0
are real. The low-energy Lagrangian is derived by means of the renormalisation group
equations, whih are numerially solved to the two-loop order using SPheno [26℄. In
addition, SPheno is used to obtain the masses and mixings of SUSY partiles, as well as
some deay widths. The mass matries for sfermions and neutralinos and the required
interation terms are presented in Appendix A.
It is important to larify here some issues, whih are relevant for the subsequent
disussion of seletron prodution and deay. The rst onerns avour and hirality
mixing in the slepton setor. For the ase of the rst two generations, the LR term
in the slepton mass matrix (Eq. (A.3)) is signiantly suppressed by the eletron and
7
muon Yukawa ouplings. The smallness of LR mixing for seletrons and smuons is
fairly insensitive to the partiular value of A0, and for simpliity we hoose A0 = 0 in
our numerial analysis. This typially translates into θe˜ ∼ O(10−4) and θµ˜ ∼ O(10−2)
(f. Eq. (A.6)), so that e˜Le˜R and µ˜Lµ˜R mixing an indeed be negleted. Therefore,
for the rst two generations the mass eigenstates are the hiral (e˜, µ˜)L, (e˜, µ˜)R states.
Moreover, leptoni interations are assumed to be avour-onserving, so only seletrons
are produed in e−e− ollisions.
As afore mentioned, we assume that the lightest neutralino is the LSP. Depending on
the underlying model, the χ˜01 an be gaugino- or higgsino-like, or a balaned admixture
of the latter interation eigenstates. Here we shall only onsider ases where χ˜01 is
gaugino-like and, more speially, dominated by the bino omponent, a situation
ommon to a vast region of the mSUGRA parameter spae. In our ase, the seond
neutralino, χ˜02, is dominated by the wino omponent, and thus its oupling to the
right-handed seletron e˜R is very small. This fat has a signiant impat in our
analysis, sine in this situation the e˜R mainly deays to e
− χ˜01, even when the e
− χ˜02
hannel is kinematially allowed, so that the e˜Re˜R proess in Eq. (1) has a very small
ross setion. We emphasise that the reonstrution method proposed in this paper is
not sensitive to the nature of the lightest neutralinos. However, the ross setions of
the proesses studied will be signiantly aeted, given that the relevant χ˜01-fermion-
sfermion ouplings are suppressed if the lightest neutralinos are higgsino-like.
The numerial studies presented in this setion do not aim to be a omplete san
of the available parameter spae, but rather an illustrative analysis of the impat of
the variation of the mSUGRA parameters on the seletron prodution and deay ross
setions. In the following, we will simultaneously try to satisfy the diret and indiret
bounds on the masses of the partiles [27℄ and still obtain an adequate spetrum for
sleptons and neutralinos, so that the proesses in Eq. (1) an be observed at TESLA
with a CM energy of 500 GeV.
We begin the seletion of the senarios by onsidering the dependene of the studied
signals on m0. This is shown in Fig. 4, for e˜Le˜L, e˜Re˜L and e˜Re˜R prodution (full,
dashed and dot-dashed lines) and for the µ+µ− and qq¯ hannels (blak and grey lines,
respetively). We have takenm1/2 = 220 GeV, tan β = 10, and µ > 0. The shaded area
on the left orresponds to values of m0 exluded by the urrent experimental bounds
on me˜R [27℄. In addition, the end points of the urves marked with a irle orrespond
to the values of m0 below whih the lightest neutralino is not the LSP. In this setion
we onsider unpolarised beams; the eet of longitudinal polarisation is disussed in
8
Appendix B.
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Figure 4: Cross setions (in fb) for e−e− → e˜e˜ → e−χ˜01e−χ˜02 → e−χ˜01e−χ˜01ff¯ (with
unpolarised beams) as a funtion of m0, for m1/2 = 220 GeV and tanβ = 10.
From this plot we notie that only form0 ≥ 140GeV the e˜R is heavy enough to deay
into the seond neutralino. The shape of the urves reets the strong dependene on
m0 of the prodution ross setions and branhing ratios for e˜L → e˜−χ02 and χ˜02 → χ˜01ff¯ .
In the latter ase, there are several ompeting Feynman diagrams [28,29℄, mediated by
the Z boson and sfermions, that ontribute to the deay of the χ˜02 (the ontribution
of the diagrams with a Higgs boson is small for this value of tan β). Three dierent
regimes an be distinguished:
• For m0 . 120 GeV, the seond neutralino deays predominantly to harged lep-
tons, χ˜02 → χ˜01l+l−. The deay amplitudes are dominated by diagrams () and
(d) in Fig. 3, with the exhange of on-shell right-handed sleptons, in partiular
the deay χ˜02 → χ˜01µ+µ− is dominated by µ˜R exhange. The ontribution of dia-
gram (a) with an on-shell Z boson is less important, due to the smallness of the
Zχ˜02χ˜
0
1 oupling. In this region of the parameter spae, the deays to χ˜
0
1qq¯ are
very suppressed, not only beause of the small oupling of the Z boson to χ˜01 and
χ˜02, but also due to the heavy squark masses, mq˜ & 400 GeV.
• For m0 ∼ 130 GeV, the e˜R and µ˜R are heavier than the χ˜02, while the τ˜R is lighter.
Then, the χ˜02 deays almost exlusively to χ˜
0
1τ
+τ−, mediated by an on-shell τ˜R,
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diagrams () and (d) in Fig. 3. (As remarked in Setion 2, in the τ+τ− hannel
the seletron masses annot be reonstruted, and thus we do not onsider these
nal states in the plots presented throughout this setion.)
• For m0 & 140 GeV, the right-handed sleptons (inluding τ˜R) are heavier than
χ˜02, and the Z-exhange diagram in Fig. 3 dominates, yielding a large branhing
ratio for χ˜02 → χ˜01qq¯.
For m0 & 200 GeV, the prodution of e˜Le˜L and e˜Le˜R is not possible with a CM
energy of 500 GeV, and only e˜Re˜R pairs are produed. From inspetion of Fig. 4 we
selet two values m0 = 80 GeV and m0 = 160 GeV, approximately in the entre of the
rst and third regions, that will serve to illustrate the reonstrution of the seletron
masses for µ+µ− and qq¯ nal states. The sets of parameters for these two mSUGRA
senarios are summarised in Table 1. Both of them are in agreement with the bounds
arising from the b→ sγ deay [27℄, and they are in the region of the (m1/2, m0) plane
favoured by (g−2)µ at the 2 σ level [30℄. The resulting seletron and neutralino masses
and widths, as well as the relevant branhing ratios, are olleted in Table 2 for eah of
these senarios. In senario 1 the e˜R is lighter than the χ˜
0
2, and the deay e˜R → e−χ˜02
is not possible. Hene, in this senario we only onsider the e˜Le˜L signal.
Parameter Senario 1 Senario 2
m1/2 220 220
m0 80 160
A0 0 0
tan β 10 10
sign µ + +
Table 1: Input parameters for the two mSUGRA senarios to be onsidered in Setion
4. The values of m1/2, m0 and A0 are in GeV.
For ompleteness, we investigate the dependene of the ross setions on the re-
maining parameters. For senario 1, and leaving all other parameters as in Table 1, we
plot in Fig. 5 the ross setions for dierent values of m1/2. The shaded area on the left
orresponds to values ofm1/2 that yield a χ˜
0
1 mass exluded by present limits [27℄. Note
that the depression ourring around m1/2 = 160 GeV has the same origin as the one
observed in Fig. 4, and orresponds to the dominane of the τ+τ− deay hannel. The
derease of the ross setions for large m1/2 is aused by the redution in the branhing
10
Senario 1 Senario 2
me˜L 181.0 227.4
Γe˜L 0.25 0.85
me˜R 123.0 185.0
Γe˜R 0.17 0.58
mχ˜0
1
84.0 84.3
mχ˜0
2
155.8 156.4
Γχ˜0
2
0.023 1.50× 10−5
mχ˜0
3
309.4 310.0
Γχ˜0
3
1.48 1.43
mχ˜0
4
330.4 331.1
Γχ˜0
4
2.30 2.01
Br(e˜L → e−χ˜01) 41.8 % 18.3 %
Br(e˜L → e−χ˜02) 20.6 % 30.8 %
Br(e˜R → e−χ˜01) 100 % 99.7 %
Br(e˜R → e−χ˜02) ≃ 0 0.3 %
Br(χ˜02 → χ˜01µ+µ−) 10.3 % 3.9 %
Br(χ˜02 → χ˜01qq¯) ≃ 0 69.2 %
Table 2: Some relevant quantities in the two mSUGRA senarios onsidered in Setion
4. The masses and widths are in GeV.
ratio for e˜L → e−χ˜02 and is also a onsequene of the smaller phase spae available for
seletron pair prodution. In fat, with m0 = 80 GeV, the prodution of e˜Le˜L pairs is
only kinematially possible when m1/2 ≤ 340 GeV.
For senario 2, we x m0 = 160 GeV, tanβ = 10, A0 = 0 (as in Table 1), and
plot the ross setions for dierent values of m1/2 (see Fig. 6). The shaded area on
the left of this gure orresponds to values of m1/2 for whih mχ˜0
1
is exluded [27℄.
The sudden derease of the ross setions for m1/2 & 250 GeV is aused by both the
dominane of the τ+τ− hannel and the small phase spae available for seletron pair
prodution. Form0 = 160 GeV, the prodution of e˜Le˜L pairs is kinematially forbidden
with m1/2 ≥ 270 GeV. The prodution of e˜Re˜R pairs is still allowed, but for m1/2 ≥ 260
GeV the χ˜02 is heavier than the e˜R and the deay e˜R → e−χ˜02 is not possible.
We also examine the dependene of the ross setions on tanβ for senarios 1 and
2. Fixingm1/2 = 220 GeV, m0 = 80, 160 GeV, A0 = 0 (as in Table 1), we plot in Figs. 7
11
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Figure 5: Cross setions (in fb) for e−e− → e˜e˜ → e−χ˜01e−χ˜02 → e−χ˜01e−χ˜01ff¯ (with
unpolarised beams) as a funtion of m1/2, for m0 = 80 GeV and tanβ = 10.
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Figure 6: Cross setions (in fb) for e−e− → e˜e˜ → e−χ˜01e−χ˜02 → e−χ˜01e−χ˜01ff¯ (with
unpolarised beams) as a funtion of m1/2, for m0 = 160 GeV and tanβ = 10.
and 8, respetively, the ross setions for dierent values of tanβ. In both gures the
shaded areas on the left are exluded by the LEP bounds on the MSSM lightest Higgs
mass
3
, and in Fig. 7 the end points of the urves marked with a irle orrespond
3
Sine theoretial alulations of mh0 have an estimated error of 2-3 GeV [31℄, we assume the
12
to values of tanβ for whih the LSP is no longer χ˜01. In both ases the regions of
parameter spae for whih the proess e−e− → e˜Le˜L → e−χ˜01e−χ˜01ff¯ is observable
range up to tanβ ≃ 22.
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Figure 7: Cross setions (in fb) for e−e− → e˜e˜ → e−χ˜01e−χ˜02 → e−χ˜01e−χ˜01ff¯ (with
unpolarised beams) as a funtion of tanβ, for m1/2 = 220 GeV and m0 = 80 GeV.
The study of Figs. 48 reveals that for most regions of mSUGRA parameter spae
where e˜Le˜L prodution is kinematially aesible, either the µ
+µ− or the qq¯ deay
hannels have observable ross setions. The only exeptions are narrow intervals in
m0 andm1/2, and also large tan β values, where the τ
+τ− hannel ompletely dominates
the χ˜02 deays. On the other hand, the ross setion for e
−e− → e˜Re˜R → e−χ˜01e−χ˜02 →
e−χ˜01e
−χ˜01ff¯ is always small, as a onsequene of the small branhing ratio for e˜R →
e−χ˜02 (in addition, this deay mode is not possible when me˜R . mχ˜02). Finally, we
remark that, as shown in Figs. 46, for larger values of m1/2 and/or m0 seletron
pair prodution and, in general, the prodution of supersymmetri partiles, is not
kinematially allowed at the assumed CM energy of 500 GeV, and a higher energy
ollider (or the TESLA upgrade) would be required for studies involving a heavier
SUSY spetrum.
onservative bound mh0 > 111 GeV.
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4 Reonstrution of the seletron masses
To reonstrut the seletron masses we use as input the 4-momenta of the deteted
partiles (the two eletrons and the ff¯ pair), the CM energy and the χ˜01 and χ˜
0
2 masses,
whih we assume known from other experiments [6,13℄. Remarkably, the values of both
seletron masses are not needed anywhere. Let us rst x our notation by labelling
the two eletrons in the nal state as eletron a and eletron b (either hoie is
equivalent) and their momenta as pa = (Ea, ~pa) and pb = (Eb, ~pb). The seletrons
to whih they orrespond are then alled seletron a and seletron b, and the χ˜01
resulting from the deay of the latter are also labelled as a and b, with momenta
qa = (E
′
a, ~qa) and qb = (E
′
b, ~qb), respetively. The momentum of the ff¯ pair is denoted
as pff¯ = (Eff¯ , ~pff¯).
In general, it is neessary to have as many kinematial relations as unknown vari-
ables in order to determine the momenta of the undeteted partiles. In our ase, there
are 8 unknowns (the 4 omponents of qa and qb) and 8 onstraints. From energy and
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momentum onservation and the fat that the two χ˜01 are on shell, we have
E ′a + E
′
b = ECM − (Ea + Eb + Eff¯) ,
~qa + ~qb = ~p6 ,
q2a = m
2
χ˜0
1
,
q2b = m
2
χ˜0
1
, (9)
with
~p6 the missing momentum. Another equation is obtained from the deay of the
intermediate χ˜02. Sine we do not know a priori whih seletron deays to χ˜
0
2, we must
onsider both possibilities. If we assume that it is the seletron a, we have
(qa + pff¯)
2 = m2χ˜0
2
[ase (a)℄ , (10)
or, assuming it is the seletron b,
(qb + pff¯)
2 = m2χ˜0
2
[ase (b)℄ . (11)
In order to set the last kinematial onstraint, we make the hypothesis that in the e−e−
sattering two partiles of equal mass are produed
4
. This implies that in one ase we
have
Ea + E
′
a + Eff¯ = Eb + E
′
b [ase (a)℄ (12)
while in the other
Ea + E
′
a = Eb + E
′
b + Eff¯ [ase (b)℄ . (13)
It is worthwhile remarking that ISR, beamstrahlung, partile width eets and
detetor resolution degrade the determination of the χ˜01 momenta. The ISR and beam-
strahlung modify the eetive beam energies, and therefore the rst two of Eqs. (9)
do not hold exatly. The nite detetor resolution also implies that Eqs. (913) are
only approximate. Moreover, the o-shellness of the seletrons and of the χ˜02 have
a non-negligible inuene on Eqs. (1013). As a result of all these eets, in some
ases the solutions of these equations are imaginary, even when the χ˜02 is orretly
assigned to a seletron. In order to nd a real solution in any irumstane, we fore
the disriminants of the seond degree equations involved to be non-negative.
Eah set of equations  Eqs. (9,10,12) and Eqs. (9,11,13)  yields two solutions for
qa and qb. Among these four solutions, we have to selet one, whih in turn gives a
value for the reonstruted mass. To do so, we observe the following riteria:
4
This applies for e˜Le˜L and e˜Re˜R prodution, but not for e˜Re˜L, in whih ase the seletron masses
annot be reonstruted.
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(I) We rst eliminate the unphysial solutions yielding negative reonstruted sele-
tron masses mrece˜ .
(II) We then disard the solutions in whih the reonstruted mass of the χ˜02, m
rec
χ˜0
2
, is
too dierent from the real value
5
: for the µ+µ− hannel we require |mrec
χ˜0
2
−mχ˜0
2
| ≤
5 GeV, and for the qq¯ hannel |mrec
χ˜0
2
−mχ˜0
2
| ≤ 10 GeV.
(III) Among the remaining solutions, we take the one giving the smallest value of mrece˜ .
This hoie provides the orret solution in most ases. If no solution is left
after (II), the event is disarded.
The above proedure determines the momenta of the two unobserved χ˜01, identifying
whih seletron has deayed to χ˜02 as well, allowing to reonstrut the seletron masses.
The reonstrution also allows to distinguish between the eletrons resulting from e˜→
e−χ˜01, and e˜→ e−χ˜02. Let us dene E1 and E2 as the energies of the eletrons produed
in the deays e˜ → e−χ˜01, and e˜ → e−χ˜02, respetively. In the seletron rest frame, the
eletron energy is xed by the kinematis of the 2-body deay, and sine the seletrons
are spinless partiles, the deay is isotropi. Then, for e˜Le˜L, e˜Re˜R prodution the
energy distribution of the eletrons in the CM frame is at, with end points at [14,32℄
Emaxi =
√
s
4
(
1−
m2
χ˜0i
m2e˜L,R
)
(1 + β) ,
Emini =
√
s
4
(
1−
m2
χ˜0i
m2e˜L,R
)
(1− β) , (14)
where β =
√
1− 4m2e˜L,R/s. For mixed seletron prodution the eletron energy spetra
are at as well, but the expressions of the end points are more involved. The results
for the reonstrution are illustrated for senarios 1 and 2.
4.1 Senario 1
As seen from Fig. 9, in senario 1 the reonstrution of the e˜L mass is quite eetive,
and a sharp peak at the true value me˜L = 181 GeV (as given in Table 2) is obtained.
On the other hand, the distribution of the e˜Re˜L events is rather at. We notie that the
riteria (I,II) in the reonstrution proedure operate as an eient kinematial ut,
5
Although by onstrution mrec
χ˜0
2
= mχ˜0
2
, foring the system of equations to have a real solution
relaxes this equality in some ases (see the preeeding paragraph).
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suppressing the unwanted e˜Re˜L prodution, while for e˜Le˜L the eet is muh smaller
(f. Table 3). Assuming an integrated luminosity of 100 fb
−1
, the number of events
olleted in the detetor is suiently large to allow the observation of a positive signal,
with a mass distribution onentrated at me˜L = 181 GeV. The use of negative beam
polarisation P1 = P2 = −0.8 improves these results, inreasing the e˜Le˜L ross setion
by a fator of 3.24 and reduing the e˜Re˜L ross setion by a fator of 0.36 (see Table 3
and Appendix B).
100 150 200 250 300
m
 e~
  (GeV)
0
0.25
0.50
0.75
1.00
1.25
σ
 
/ 2
 G
eV
e~Le
~
L
e~Re
~
L
Scenario 1
m1/2 = 220 GeV
m0 = 80 GeV
tan β = 10
Figure 9: Reonstruted seletron mass in senario 1, for unpolarised beams.
P00 P−−
before after before after
e˜Le˜L 3.25 2.88 10.52 9.32
e˜Re˜L 1.66 0.47 0.60 0.17
Table 3: Cross setions (in fb) for seletron pair prodution in senario 1. We quote
results before and after reonstrution, for unpolarised beams (P00) and for P1 = P2 =
−0.8 (P−−).
The partiles observed in the kinematial distribution in Fig. 9 are salars, as an
be easily dedued for instane from the angular distributions for the prodution and
the deay [15℄. The same an also be onluded from the analysis of the eletron energy
spetra, whih also provides additional independent determinations of their mass. From
17
Eqs. (14), the expeted end points of the distributions are Emin1 = 30 GeV, E
max
1 = 166
GeV and Emin2 = 10 GeV, E
max
2 = 55 GeV. The kinematial distributions of E1 and
E2 are shown in Figs. 10 and 11, respetively. We have inluded the e˜Le˜L signal, as
well as the e˜Re˜L bakground. The energy spetrum of the eletrons is smeared by
ISR, beamstrahlung, detetor resolution and partile width eets. However, the end
points an be learly observed in both plots, further supporting the evidene for e˜Le˜L
prodution.
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Figure 10: Kinematial distribution of E1 in senario 1, for unpolarised beams.
4.2 Senario 2
In this senario, the e˜Le˜L events produe a peak at me˜L = 227 GeV, and the e˜Re˜R
events yield a tiny peak around me˜R = 185 GeV, as depited in Fig. 12. Notieably,
the distribution of the e˜Re˜L events onentrates around 215 GeV. This behaviour is a
result of the smaller ratio (me˜L −me˜R)/(me˜L +me˜R): in this senario, the hypothesis
of two partiles produed with equal mass, used for the reonstrution, beomes more
aurate. For the same reason, in this ase this bakground is less redued by the
riteria (I,II) than in senario 1. We observe that the e˜Le˜L peak is broader than in
senario 1, due to the larger e˜L width and the less preise measurement of the energy
for jets. Additionally, the distribution is slightly onentrated on smaller me˜R values,
as a onsequene of the proedure used for the reonstrution.
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Figure 11: Kinematial distribution of E2 in senario 1, for unpolarised beams.
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Figure 12: Reonstruted seletron masses in senario 2, for unpolarised beams.
The use of negative beam polarisation enhanes the e˜Le˜L signal and redues the
e˜Re˜L bakground as in senario 1, pratially eliminating e˜Re˜R prodution (see Table 4).
Conversely, the use of positive beam polarisation P1 = P2 = 0.8 enhanes e˜Re˜R by a
fator of 3.24, suppressing e˜Le˜L and e˜Re˜L by fators of 0.04 and 0.36, respetively, and
making the e˜Re˜R peak learly visible in this ase, as shown in Appendix B.
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P00 P−− P++
before after before after before after
e˜Le˜L 6.52 5.71 21.14 18.50 0.26 0.23
e˜Re˜R 0.41 0.34 0.02 0.01 1.34 1.10
e˜Re˜L 5.41 2.63 1.95 0.95 1.95 0.95
Table 4: Cross setions (in fb) for seletron pair prodution in senario 2. We quote
results before and after reonstrution, for unpolarised beams (P00), for P1 = P2 = −0.8
(P−−) and for P1 = P2 = 0.8 (P++).
The examination of the energy spetra in Figs. 13 and 14 onrms the evidene of
e˜Le˜L prodution. From Eqs. (14) we obtain for the deay e˜L → e−χ˜01 the end points
Emin1 = 63 GeV, E
max
1 = 153 GeV, and for e˜L → e−χ˜02 the limits Emin2 = 38 GeV,
Emax2 = 93 GeV. In this senario the e˜Re˜L bakground is sizeable, and negative beam
polarisation might be needed in order to learly determine the end points of the eletron
energy distributions. (Note that the large distortion in the energy spetra for e˜Re˜L is
a result of the reonstrution proess, whih is devised for the e˜Le˜L and e˜Re˜R signals.)
The eletron energy distributions in e˜Re˜R prodution display the end points at the
expeted energies Emin1 = 32 GeV, E
max
1 = 166 GeV, E
min
2 = 12 GeV and E
max
2 = 60
GeV. For an integrated luminosity of 100 fb
−1
, these end points may be hard to observe
even with positive beam polarisation, beause of the small ross setion and the poor
statistis for this proess. However, for larger luminosities the end points ould be
observed more learly (see Appendix B).
5 Conlusions
In this paper we have foused on the experimental test of the Majorana nature of the
neutralinos, studying seletron pair prodution in e−e− sattering. These proesses
an only take plae if, as it is predited in most SUSY models, the neutralinos are
Majorana partiles. Motivated by this issue, we have demonstrated that it is possible to
reonstrut the seletron masses in the proesses e−e− → e˜Le˜L, e˜Re˜R, using a relatively
rare hannel with one seletron deaying to e−χ˜01 and the other one deaying via e˜→
e−χ˜02 → e−χ˜01ff¯ . The reonstrution an be done using as input the 4-momenta of the
deteted partiles, the CM energy and the χ˜01 and χ˜
0
2 masses, whih are assumed to be
known. In addition, the reonstrution proedure allows for a determination of all nal
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Figure 13: Kinematial distribution of E1 in senario 2, for unpolarised beams.
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Figure 14: Kinematial distribution of E2 in senario 2, for unpolarised beams.
state momenta, whih in turn has other potential appliations [15℄. We have illustrated
our results in two mSUGRA senarios. In the rst senario we have onsidered the
hannel ff¯ = µ+µ−, and in the seond one the hannel ff¯ = qq¯. In the alulations
we have taken into aount ISR, beamstrahlung and partile width eets, and we
have performed a simple simulation of the energy resolution of the detetor. We have
inluded the main bakground from e˜Re˜L prodution as well. We have shown that
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for the kinematially allowed proesses the masses an be suessfully reonstruted in
both senarios, yielding a lear peak in the ase of e˜Le˜L prodution and a smaller peak
for e˜Re˜R prodution. The examination of the eletron energy spetra shows that the
produed partiles are salars, making it obvious that the observed signal orresponds
to seletron pair prodution. Additionally, the eletron energy distributions display
end points at the energies expeted for e˜Le˜L and e˜Re˜R prodution in eah of the ases
analysed, providing independent determinations of the seletron masses and further
supporting the evidene for seletron pair prodution. Obviously, the hypothesis of
seletron pair prodution an also be onrmed by omparing the reonstruted masses
with the seletron masses preisely measured in other proesses [10, 11℄.
In e−e− ollisions, seletron pair prodution requires the exhange of a Majorana
neutralino in the t hannel, but does not prove that all the neutralinos are Majorana
partiles. However, if the neutralino mixing matrix is preisely reonstruted in other
experiments [33, 34, 35℄, the measurement of the e˜Le˜L and e˜Re˜R ross setions may
allow us to identify the ontributions of the dierent neutralino mass eigenstates. In
mSUGRA senarios as those here onsidered, where the two lightest neutralino mass
eigenstates are gaugino-like, e˜Re˜R prodution is mainly mediated by the exhange of
χ˜01, with a smaller ontribution from χ˜
0
2, the opposite ourring for e˜Le˜L prodution.
Then, in these senarios the measurement of one or both ross setions an prove
the exhange of Majorana neutralinos χ˜01 and χ˜
0
2 (the analogous an be done in more
general senarios where the reverse situation ours, that is, when χ˜01 is dominated by
the wino omponent and χ˜02 is bino-like). The ontribution to the ross setions of the
neutralinos with large higgsino-like omponents (χ˜03 and χ˜
0
4 in our ase) is expeted to
be smaller than the unertainty in the measurement of the ross setions.
It is worth noting here that in addition to seletron pair prodution in e−e− ol-
lisions, the proesses e+e− → χ˜01χ˜0i → χ˜01χ˜01l+l−, with i = 2, 3, 4 and l = e, µ, may
also shed light on the Dira or Majorana nature of the neutralinos [7, 8, 9℄. The
energy distributions of the nal state harged leptons are sensitive to the Dira or
Majorana nature of the deaying neutralino χ˜0i , allowing for the onstrution of lep-
ton energy asymmetries, whih vanish for a Majorana χ˜0i but may have a nonzero
value if χ˜0i is a Dira partile. Unfortunately, these proesses suer from severe bak-
grounds from slepton pair prodution e+e− → l˜l˜ → l+l−χ˜0i χ˜0i , as well as hargino pair
e+e− → χ˜+i χ˜−j → l+l−νlν¯lχ˜0i χ˜0i and W+W− prodution. Moreover, for the ase of χ˜01χ˜03
and χ˜01χ˜
0
4 the prodution ross setions and deay branhing ratios are in general small.
If these diulties an be overome, these proesses may give further evidene of the
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Majorana or Dira nature of χ˜02, χ˜
0
3 and χ˜
0
4.
In this work we have taken as example the TESLA ollider with a CM energy of
500 GeV, but the analysis presented an be applied to the proposed TESLA upgrade
to 800 GeV and other future olliders with larger CM energies, like CLIC. In this ase,
with the larger energies and luminosities the proesses studied will be relevant in a
larger region of parameter spae, whih is not kinematially aesible at 500 GeV. Due
to the t-hannel nature of these proesses, their ross setions remain sizeable at TeV
energies and hene allow us to investigate the Majorana nature of the neutralinos in
the ase of a heavier SUSY spetrum too. Finally, let us remark the importane of the
reonstrution of the seletron masses on its own. This novel reonstrution tehnique
an also be used, for instane, in seletron and smuon pair prodution in e+e− ollisions.
It provides a new and independent measurement of the masses of these sfermions, and
an be used as a tool for the analysis of the angular distributions in the prodution
and deay of these sfermions, and for the study of their spin [15℄. In addition, the
mass reonstrution may be used in order to disriminate between these and other
SUSY signals. For larger CM energies, the same method an be applied to squark pair
prodution, with or without the help of avour tagging.
Aknowledgements
We thank A. Bartl and S. Hesselbah for enlightening disussions and for a riti-
al reading of the manusript. We are also indebted to the Vienna group for their
kind hospitality. This work has been supported by the European Community's Hu-
man Potential Programme under ontrat HTRNCT200000149 Physis at Colliders.
A.M.T. aknowledges the support by Fundação para a Ciênia e Tenologia under the
grant SFRH/BPD/11509/2002.
A Lagrangian
A.1 Mass matries
At low energies, the harged slepton mass term in the weak eigenstate basis is
Lmass
E˜
= −1
2
E˜ ′ †M2
E˜
E˜ ′ , (A.1)
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with the most general harged slepton mass matrix
M2
E˜
=
(
M2
E˜LL
M2
E˜LR
M2
E˜RL
M2
E˜RR
)
. (A.2)
Omitting the avour dependene, the above submatries are given by [36℄
M2
E˜LL
=
1
2
v21 Y
∗
e Y
T
e +M
2
L˜
− 1
2
m2Z cos 2β (1− 2 sin2 θW ) 1 ,
M2
E˜RR
=
1
2
v21 Y
T
e Y
∗
e +M
2
E˜R
−m2Z cos 2β sin2 θW 1 ,
M2
E˜LR
= M2†
E˜RL
=
v1√
2
(Y Ae )
∗ − µ v2√
2
Y ∗e , (A.3)
where Ye are the harged lepton Yukawa ouplings, ML˜ and ME˜R the soft breaking
salar masses for the left and right handed sleptons, respetively, Y Ae the soft trilinear
terms and 1 is the 3 × 3 identity matrix in avour spae. The trilinear ouplings an
be deomposed as (Y A)ij ≡ Aij Yij, with no summation over i, j. The slepton mass
matrix is diagonalised by a 6× 6 rotation,
(Mdiag
E˜
)2 = RE˜ M
2
E˜
RE˜
† , (A.4)
with E˜ = RE˜ E˜
′
the mass eigenstates. Negleting the mixing between generations,
the matries in Eqs. (A.2,A.3) are diagonal in avour spae, and only LR mixing is
present. Hene, the former relation between mass and weak interation eigenstates an
be simply expressed for eah avour as
l˜ = Rl˜ l˜′ , (A.5)
where Rl˜ now denotes a 2 × 2 matrix, with l = e, µ, τ . Using the onventions of
Ref. [26℄, and assuming that the matries in Eqs. (A.3) are real,(
l˜1
l˜2
)
=
(
sin θl˜ − cos θl˜
cos θl˜ sin θl˜
) (
l˜L
l˜R
)
, (A.6)
with ml˜1 < ml˜2 .
Squark-mediated interations have a sub-dominant role in the parameter spae ana-
lysed. Similarly to the slepton ase, the 6×6 squark mass matries an be diagonalised
by a unitary matrix RQ˜,
(Mdiag
Q˜
)2 = RQ˜ M
2
Q˜
RQ˜
† , Q˜ = U˜ , D˜ (A.7)
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so that the relation between the weak (primed) and mass eigenstates is given by
q˜ = RQ˜ q˜
′ . (A.8)
The four Majorana neutralinos χ˜0i are mixtures of weak interation eigenstates
(bino, neutral wino and neutral higgsinos). In the basis where (ψ0)T = (B˜, W˜ 03 , H˜
0
1 , H˜
0
2)
T
,
the mass term is
Lmassχ˜0 = −
1
2
(ψ0)T Mχ˜0 ψ
0 + H. . , (A.9)
and the neutralino mass matrix an be written as
Mχ˜0 =


m1 0 −mZ sin θW cosβ mZ sin θW sinβ
0 m2 mZ cos θW cosβ −mZ cos θW sinβ
−mZ sin θW cosβ mZ cos θW cosβ 0 −µ
mZ sin θW sinβ −mZ cos θW sinβ −µ 0

 ,
(A.10)
where m1,2 are the soft gaugino masses. This matrix is diagonalised by
N∗ Mχ˜0 N
−1 = Mdiagχ˜0 . (A.11)
A.2 Interation terms
In this setion, we list the interations [2, 36, 37, 38℄ relevant for the alulation of the
prodution and deay ross setions. The fermion-sfermion-neutralino terms are given
by
Lf˜ifχ˜0j = f˜i
∗ ¯˜χ0j
[
(CfL)ijPL + (C
f
R)ijPR
]
f + f˜i f¯
[
(CfR)
∗
ijPL + (C
f
L)
∗
ijPR
]
χ˜0j . (A.12)
For the ase of harged (s)leptons, the C ouplings are
(C lL)ij =
g√
2
(N∗j2 + tan θWN
∗
j1)R
l˜
i1 − YeN∗j3Rl˜i2 ,
(C lR)ij = −g
√
2 tan θWNj1R
l˜
i2 − YeNj3Rl˜i1 , (A.13)
with l = e, µ, τ . In our omputations we have onsidered the limit where Ye =
diag (0, 0, hτ), so that the seond term on the r.h.s. of the above equations is only
present for the ase of the taus.
For the alulation of the deay χ˜02 → χ˜01qq¯ we inlude squark-mediated inter-
ations, though they have a minor importane. In this ase, the ouplings have a
slightly more umbersome expression, whih involves both quark and squark rotation
25
matries. However, in this work, the eets of quark and squark avour mixing are
not relevant, and one an safely ignore them. Moreover, as in the lepton setor, the
Yukawa ouplings of the two rst generations an be negleted. In this limit, where
Yu = diag (0, 0, ht), Yd = diag (0, 0, hb) and VCKM ≃ 1 , squark mixing is purely LR,
and an be parametrised for every family as in Eqs. (A.5, A.6). With u = u, c, t and
d = d, s, b, the C ouplings read
(CuL)ij = −
g√
2
(N∗j2 +
1
3
tan θWN
∗
j1)R
u˜
i1 − YuN∗j4Ru˜i2 ,
(CuR)ij = g
√
2
2
3
tan θWNj1R
u˜
i2 − YuNj4Ru˜i1 ,
(CdL)ij =
g√
2
(N∗j2 −
1
3
tan θWN
∗
j1)R
d˜
i1 − YdN∗j3Rd˜i2 ,
(CdR)ij = −g
√
2
1
3
tan θWNj1R
d˜
i2 − YdNj3Rd˜i1 . (A.14)
The Z-neutralino-neutralino interations are parametrised by
LZχ˜0i χ˜0j =
g
2 cos θW
Zµ
[
¯˜χ0iγ
µ
(
DijLPL +D
ij
RPR
)
χ˜0j
]
, (A.15)
where
DijL =
1
2
(
Ni4N
∗
j4 −Ni3N∗j3
)
,
DijR = −(DijL )∗ . (A.16)
Higgs-mediated interations play a marginal role in the proesses here analysed, and
are only non-negligible for nal states with ff¯ = bb¯, τ+τ−. Assuming no CP violation
in the Higgs setor (so that there is no mixture between the CP-even and the CP-odd
states), the interation of the neutralinos with the neutral CP-even physial Higgs an
be written as
LH0χ˜0i χ˜0j = −
g√
2
(
H0 cosα− h0 sinα) ¯˜χ0i [QijPL +Q∗ijPR] χ˜0j
+
g√
2
(
H0 sinα + h0 cosα
)
¯˜χ0i
[
SijPL + S
∗
ijPR
]
χ˜0j , (A.17)
where α is the CP-even Higgs mixing angle, and as usual mh0 < mH0 . In Eq. (A.17)
we have the ouplings
Qij =
1
2
(N∗i2 − tan θWN∗i1)N∗j3 + (i↔ j) ,
Sij =
1
2
(N∗i2 − tan θWN∗i1)N∗j4 + (i↔ j) . (A.18)
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The interation of the pseudosalar with the neutralinos an be written as
LA0χ˜0i χ˜0j = −
i g√
2
A0 ¯˜χ0i
[
(Qij sin β − Sij cos β)PL −
(
Q∗ij sin β − S∗ij cos β
)
PR
]
χ˜0j ,
(A.19)
with the ouplings as in Eq. (A.18). The Higgs-fermion-fermion Lagrangian an be
expressed, omitting the avour dependene, as
LHff = −Y diagu
[(
H0 sinα + h0 cosα
)
u¯u− i A0 cos β u¯γ5u
]
−Y diagd
[(
H0 cosα− h0 sinα) d¯d− i A0 sin β d¯γ5d]
−Y diage
[(
H0 cosα− h0 sinα) l¯l − i A0 sin β l¯γ5l] . (A.20)
The Hff interations in the above equation are proportional to the fermion Yukawa
ouplings, and hene are suppressed in all ases, the exeption being the top and bottom
quarks and the τ . Finally, the Zff ouplings are the standard ones,
LZff = − g
cos θW
Zµ f¯γ
µ
[(
If3 −Qf sin2 θW
)
PL −Qf sin2 θWPR
]
f , (A.21)
where If3 and Q
f
are, respetively, the weak isospin and harge of fermion f .
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B Eet of beam polarisation
The TESLA design oers the possibility of eletron polarisation up to ±80%, whih
provides several advantages for our study, reduing the e˜Re˜L bakground and enhaning
the e˜Le˜L or e˜Re˜R signals. The ross setions for seletron pair prodution with lon-
gitudinally polarised beams an be related to the unpolarised ross setions in a very
simple way. Sine seletron mixing is negligible, for initial eletrons with denite heli-
ity the only non-vanishing amplitudes for seletron pair prodution are e−Le
−
L → e˜Le˜L,
e−Re
−
R → e˜Re˜R and e−Re−L → e˜Re˜L. This allows to write the ross setions for arbitrary
polarisations P1, P2 as
σe˜Le˜L(P1, P2) = (1− P1)(1− P2) σe˜Le˜L(0, 0) ,
σe˜R e˜R(P1, P2) = (1 + P1)(1 + P2) σe˜Re˜R(0, 0) ,
σe˜R e˜L(P1, P2) = (1− P1P2) σe˜Re˜L(0, 0) . (B.1)
For the sake of simpliity, throughout this artile we have plotted ross setions for
unpolarised beams. For the ase of polarised eletrons, the ross setions are straight-
forward to obtain, using Eqs. (B.1). However, it is very illustrative to plot some of the
distributions presented in Setion 4 for the ase of polarised beams, making apparent
the enhanement of the signals and the redution of e˜Re˜L prodution. We only onsider
the ases P1 = P2 = −0.8 and P1 = P2 = 0.8. The use of a polarisation P1 = −P2 = 0.8
does not oer any advantage for our study.
B.1 Negative beam polarisation
Negative beam polarisation P1 = P2 = −0.8 enhanes the e˜Le˜L signal by a fator of
3.24, reduing the e˜Re˜R signal by a fator of 0.04 and the e˜Re˜L bakground by 0.36.
The eet on the mass distributions and eletron energy spetra for senario 1 an be
seen in Figs. 1517. For senario 2, the orresponding ross setions are depited in
Figs. 1820.
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Figure 15: Reonstruted seletron mass in senario 1, for P1 = P2 = −0.8.
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Figure 16: Kinematial distribution of E1 in senario 1, for P1 = P2 = −0.8.
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Figure 17: Kinematial distribution of E2 in senario 1, for P1 = P2 = −0.8.
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Figure 18: Reonstruted seletron masses in senario 2, for P1 = P2 = −0.8.
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Figure 19: Kinematial distribution of E1 in senario 2, for P1 = P2 = −0.8.
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Figure 20: Kinematial distribution of E2 in senario 2, for P1 = P2 = −0.8.
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B.2 Positive beam polarisation
Positive beam polarisation P1 = P2 = 0.8 enhanes the e˜Re˜R signal by a fator of
3.24, reduing the e˜Le˜L signal by a fator of 0.04 and the e˜Re˜L bakground by 0.36.
In senario 1, positive beam polarisation does not oer any advantage, and we only
present the plots for senario 2, in Figs. 2123.
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Figure 21: Reonstruted seletron masses in senario 2, for P1 = P2 = 0.8.
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Figure 22: Kinematial distribution of E1 in senario 2, for P1 = P2 = 0.8.
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Figure 23: Kinematial distribution of E2 in senario 2, for P1 = P2 = 0.8.
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